Abstract. Protein serine/threonine phosphorylation in mammalian sperm flagella has been considered to play important roles in regulation of motility. Protein phosphorylation state reflects balance of enzymatic activities between protein phosphatases and protein kinases [predominantly protein kinase A (PKA)]. The aims of this study were to disclose roles of protein phosphatases in the regulation of sperm motility and to provide evidence for suppression of PKA full activation by protein phosphatases in sperm flagella. Mouse epididymal spermatozoa were incubated with a cell-permeable protein phosphatase 1 (PP1)/protein phosphatase 2A (PP2A) inhibitor (calyculin A: 25-125 nM) at 37.5 C. After incubation, they were used for immunodetection of phosphorylated proteins, PKA and PP1γ2, assessment for motility and co-immunoprecipitation of PP1γ2 with PKA. Incubation with calyculin A enhanced the phosphorylation states of several proteins (>250 kDa, 170 kDa, 155 kDa, 140 kDa and 42 kDa for serine/threonine phosphorylation and 70 kDa for tyrosine phosphorylation) and PKA catalytic subunits [at the autophosphorylation residue (Thr-197) for its full enzymatic activation] in the flagella. Coincidently, this incubation induced changes of sperm flagellar movement from the progressive type to the hyperactivation-like type. Indirect immunofluorescence and co-immunoprecipitation showed that PKA was co-localized with PP1γ2 in the principal pieces of sperm flagella. These findings suggest that calyculin A-sensitive protein phosphatases (PP1/PP2A) suppress full activation of PKA as well as enhancement of the phosphorylation states of other flagellar proteins in sperm flagella in order to prevent precocious changes of flagellar movement from the progressive type to hyperactivation. Key words: Cyclic adenosine 3',5'-monophosphate (cAMP), Hyperactivation, Protein kinase, Protein phosphatase 1 (PP1), Protein phosphorylation (J. Reprod. Dev. 55: [327][328][329][330][331][332][333][334] 2009) ammalian spermatozoa are differentiated from spermatogonia in the testicular seminiferous tubules and then transferred through the duct of the epididymis. By arrival in the caudal epididymides, they have acquired the potentials to move in a forward direction, bind with the zona pellucida and fertilize oocytes [1], but they are temporally quieted in the epididymis by the influence of the acidic-base status of the luminal fluid [2, 3] and interaction with membrane stabilizing factors [4, 5] . After ejaculation into the female reproductive tract, the spermatozoa quickly initiate flagellar beating, which is regulated by the protein serine [Ser (S)]/threonine [Thr (T)] phosphorylation in the flagella [6] . Some of the phosphorylated proteins have previously been identified as dynein [6, 7] and axokinin [8] . Subsequently, they gradually undergo a series of changes in their intracellular spaces as well as on their cell surfaces (capacitation), including dissociation of decapacitation factors (e.g., cholesterol and acrosomal stabilizing factors), elevation of the intracellular levels of cyclic adenosine 3',5'-monophosphate (cAMP) and calcium and protein tyrosine phosphorylation. These changes are terminated after several hours, and only fully-capacitated spermatozoa become capable of undergoing acrosomal exocytosis and exhibiting flagellar hyperactivation, which are both required for successful fertilization of oocytes [9] [10] [11] [12] .
(J. Reprod. Dev. 55: 327-334, 2009) ammalian spermatozoa are differentiated from spermatogonia in the testicular seminiferous tubules and then transferred through the duct of the epididymis. By arrival in the caudal epididymides, they have acquired the potentials to move in a forward direction, bind with the zona pellucida and fertilize oocytes [1] , but they are temporally quieted in the epididymis by the influence of the acidic-base status of the luminal fluid [2, 3] and interaction with membrane stabilizing factors [4, 5] . After ejaculation into the female reproductive tract, the spermatozoa quickly initiate flagellar beating, which is regulated by the protein serine [Ser (S)]/threonine [Thr (T)] phosphorylation in the flagella [6] . Some of the phosphorylated proteins have previously been identified as dynein [6, 7] and axokinin [8] . Subsequently, they gradually undergo a series of changes in their intracellular spaces as well as on their cell surfaces (capacitation), including dissociation of decapacitation factors (e.g., cholesterol and acrosomal stabilizing factors), elevation of the intracellular levels of cyclic adenosine 3',5'-monophosphate (cAMP) and calcium and protein tyrosine phosphorylation. These changes are terminated after several hours, and only fully-capacitated spermatozoa become capable of undergoing acrosomal exocytosis and exhibiting flagellar hyperactivation, which are both required for successful fertilization of oocytes [9] [10] [11] [12] .
Protein Ser/Thr phosphorylation state reflects the balance of enzymatic activities between Ser/Thr kinases and protein phosphatases. One of the predominant Ser/Thr kinases of mammalian sperm flagella is a cAMP-dependent protein kinase [protein kinase A (PKA) or A-kinase] that is composed of two catalytic subunits and two cAMP-binding regulatory subunits [13] . The regulatory subunits are usually settled on the A-kinase anchoring proteins (AKAPs) in the flagella [14, 15] . While the intracellular cAMP concentration stays at a low level, the association of the PKA heterotetramer subunits is maintainable by the binding between the catalytic domain of the catalytic subunits and the pseudo-substrate sequence of the regulatory subunits. At elevation of the intracellular cAMP level owing to either activation of adenylyl cyclases or inactivation of phosphodiesterases, however, the PKA dissociates, yielding the active form of the catalytic subunits [16] . The catalytic subunits of PKA are partially active at this step and subsequently become fully active by autophosphorylation at the Thr-197 residue of the activation loop. The fully active PKA has a higher phosphoryl transfer rate and enhanced affinity for adenosine 5'-triphosphate (ATP) [17, 18] . The amino acid motif of the activation loop is conserved in the mouse PKA catalytic subunits α and β (α, NP_032880; β, NP_035230). Consequently, the active catalytic subunits phosphorylate specific flagellar substrate proteins that are involved in the regulation of sperm motility [19, 20] . Interestingly, Eddy et al. [21] demonstrated that most of the ATP molecules needed for mouse sperm motility are generated by glycolysis. Moreover they have shown that most of the glycolytic enzymes are localized to the principal piece and that AKAP binds with not only PKA but also some glycolytic enzymes on the fibrous sheath [21] . These facts indicate possible interaction between PKA and glycolytic enzymes on the AKAP of the fibrous sheath of the principal piece.
Four types of protein phosphatases, which catalyze the release of phosphates from the Ser/Thr residues of substrate proteins, have already been found, including PP1, PP2A, PP2B and PP2C [22] . Among these types of protein phosphatases, PP1 is highly conserved in eukaryotes and participates in the regulation systems of cellular division, transcription, translation, metabolism of glycogens and lipids, neurotransmission, embryogenesis and so on [23] [24] [25] . Moreover, PP1 has four kinds of isoform, PP1α, PP1β, PP1γ1 and PP1γ2 [23, 26, 27] . In particular, PP1γ2 is expressed mainly in the testis and is also present in spermatozoa, although the other isoforms are ubiquitously distributed [28, 29] . Moreover, PP1 is likely involved in regulation of the production, maturation, flagellar movement and acrosome reaction of mammalian spermatozoa [30] [31] [32] [33] . However, the biological significance of PP1 function is poorly understood in sperm flagella during expression of fertilizing ability in the female reproductive tract. In addition, it has been reported that the enzymatic activity of PP1 is negatively regulated by phosphorylation in somatic cells. Namely, phosphorylation at the Thr-320 residue leads to reduction of the enzyme activity of PP1 [34] .
As described above, cAMP/PKA-mediated protein Ser/Thr phosphorylation has been considered to play important roles in regulation of motility and fertilization of mammalian spermatozoa. It is also apparent that sperm protein phosphatases can reduce the protein Ser/Thr phosphorylation state. However, the existence of direct interaction between protein phosphatases and PKA remains to be determined in mammalian spermatozoa. The aims of this study were to disclose roles of protein phosphatases in regulation of sperm motility in vitro and to provide evidence for suppression of full PKA activation by protein phosphatases in sperm flagella. In this study, we examined the effects of a cell-permeable PP1/PP2A inhibitor, calyculin A, on protein phosphorylation state and motility in mouse epididymal spermatozoa. Moreover, we observed the characteristics and localization of PKA and PP1γ2, effects of calyculin A on the phosphorylation state of the key regulatory residue (Thr-197) of PKA catalytic subunit and PP1 (Thr-320) and coimmunoprecipitation of PP1γ2 with PKA by the anti-PKA regulatory subunit II antibody.
Materials and Methods

Animal use ethics statement
The Committee of Laboratory Animal Experiments of Kobe University investigated our research plan and the feeding conditions of our mice. We undertook the following experiments with the approval of this committee (document Nos. 16-04-06, 16-08-04 and 19-5-37).
Collection and treatment of mouse spermatozoa
Mouse spermatozoa were collected from mature (older than 2 months) and fertile ICR male mice. Mice were euthanized by cervical dislocation, and then caudal epididymides were dissected out. Each epididymis was cut by scissors, and epididymal fluid was recovered into the basic medium, which was covered with liquid paraffin (Wako Pure Chemical Industry, Osaka, Japan), on a 37.5 C heater. The basic medium was a TYH-Hepes medium composed of 119.37 mM NaCl, 4.78 mM KCl, 1.71 mM CaCl2, 1.19 mM KH2PO4, 1.19 mM MgSO4, 1.00 mM sodium pyruvate, 5.56 mM glucose, 25.07 mM Hepes, 0.05 g/l streptomycin sulfate, 100,000 U/l potassium penicillin G, 0.1% polyvinylalcohol (PVA, SigmaAldrich, St. Louis, MO, USA) and 5 mg/l phenol red (pH 7.4). In this medium, the NaHCO3 and bovine serum albumin (BSA) of the original TYH medium [35] were replaced with Hepes and PVA, respectively. The epididymal spermatozoa were diffused in the medium for 5 min, and then the sperm concentration was measured by using a hemocytometer.
The spermatozoa were transferred to the medium supplemented with a cell-permeable inhibitor for PP1/PP2A, calyculin A (25-125 nM, Sigma-Aldrich) [dissolved in 100% (v/v) dimethyl sulfoxide (DMSO, Wako) as a 125 μM stock solution] or a cell-permeable, phosphodiesterase-resistant cAMP analog, Sp-5,6-DCI-cBiMPS (cBiMPS, 0.1 mM, Biomol International, L.P., Plymouth Meeting, PA, USA) (dissolved in 10% (v/v) DMSO as a 4 mM stock solution [36] ) and then incubated in 100% air at 37.5 C. The DMSO (10 or 100%) was added to the medium for solvent control samples in order to equalize the DMSO concentrations among all experimental samples.
SDS-PAGE and Western blotting
The procedures for SDS-PAGE (acrylamide concentration: 7.5%) and Western blotting were described in our previous reports [37, 38] . Rainbow molecular weight markers (High-Range or FullRange, GE Healthcare UK, Buckinghamshire, UK) were used as molecular mass standards. The primary antibodies were rabbit anti-phosphoserine (pS)/phosphothreonine (pT) PKA substrate polyclonal antibody [Cell Signaling Technology, Inc, Beverly, MA, USA, Cat. #9621, (this antibody recognizes amino acid sequences such as "arginine [R]-X-X-pS, R-X-X-pT and R-X-pS" and is a useful tool in identifying substrates of AGC family kinases, including PKA and protein kinase C; see the catalog of Cell Signaling Technology), 1:2,000], mouse anti-phosphotyrosine (pY) monoclonal antibody (Upstate Cell Solutions, Charlottesville, VA, USA, 4G10, Cat. #05-321, 1:10,000), rabbit anti-PKA catalytic subunit polyclonal antibody (Cell Signaling, Cat. #4782, 1:2,000), goat anti-PKA regulatory subunit II polyclonal antibody (Upstate, Cat. #06-411, 1:2,000), sheep anti-PP1γ2 polyclonal antibody (Exalpha Biologicals, MA, USA, Cat. #P130P, 1:2,000) and rabbit anti-phospho-PP1 (Thr-320) antibody (Cell Signaling, Cat. #2581, 1:2,000). The secondary antibodies were horseradish peroxidase (HRP)-conjugated donkey anti-rabbit immunoglobulins (GE Healthcare, Cat. #NA934V, 1:2,000), HRP-conjugated goat antimouse immunoglobulins (Dako Denmark A/S, Glostrup, Denmark, Cat. #P0447, 1:2,000) and HRP-conjugated rabbit anti-goat immunoglobulin (Dako, Cat. #P0449, 1:2,000).
Indirect immunofluorescence
The procedures for indirect immunofluorescence were described in our previous report [37] . The primary antibodies were anti-pS/ pT PKA substrate polyclonal antibody (1:50), anti-PKA catalytic subunit polyclonal antibody (1:50), rabbit anti-phospho-PKA catalytic subunit (Thr-197) polyclonal antibody (Cell Signaling, Cat. #4781, 1:50), anti-PKA regulatory subunit II polyclonal antibody (1:50) and anti-PP1γ2 polyclonal antibody (1:50). The secondary antibodies were fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit immunoglobulins (GE Healthcare, Cat. #N1034, 1:25) and FITC-conjugated rabbit anti-goat immunoglobulins (Dako, Cat. #F0250, 1:25). After immunostaining, the sperm preparations were examined under a differential interference microscope equipped with epifluorescence (mirror unit U-MWIB2, excitation filter BP460-490, dichroic mirror DM500, and emission filter BA520, Olympus Optical, Tokyo, Japan).
Assessment for sperm motility
A 2-μl drop of sperm suspension was put on the 1-mm-deep stage of a glass plate for sperm motility assessment (Fujihira Industry, Tokyo, Japan), covered with a coverslip and then subjectively observed on the heated stage (37.5 C) under a bright-field microscope (EX41, Olympus). The percentages of spermatozoa showing hyperactivation-like motility were estimated, and the obtained results were classified into the following three categories: -for 0-10%, + for 11-30% and ++ for >30% of total spermatozoa. The sperm motility of some samples was recorded with a CCD camera (CS230B, Olympus) and DVD recorder (DVR-7000, Pioneer, Tokyo, Japan).
Co-immunoprecipitation of PP1γ2 with PKA by anti-PKA regulatory subunit II polyclonal antibody
Epididymal spermatozoa (2.0 × 10 6 cells) were centrifuged (2,500 g, 5 min, 4 C) to remove the medium and then lysed in the same volume of ice-cold lysis buffer [50 mM Tris-HCl (pH 7.4), 2% (v/v) Nonidet P-40 (Iwai Chemicals, Tokyo, Japan), 0.2 mM Na3VO4 (Sigma-Aldrich), 2 mM ethylenediamine-N,N,N',N'-tetraacetic acid, trisodium salt (Dojindo Laboratories, Kumamoto, Japan) and 1 mM (p-amidinophenyl)methanesulfonyl fluoride hydrochloride (Wako)] for 60 min. The obtained lysates were centrifuged (12,500 g, 5 min, 4 C) to remove sperm debris and then incubated with the anti-PKA regulatory subunit II polyclonal antibody (1:10) at 4 C overnight. Subsequently, an equal volume of Protein A agarose bead suspension (Upstate) was added to each of lysate, and then the mixtures were incubated at 4 C overnight. The Protein A agarose beads were separated from the supernatant by centrifugation (12,500 g, 5 sec, 4 C), washed with the ice-cold lysis buffer (12,500 g, 5 sec, 4 C) and then heated with an equal volume of a double-strength SDS-PAGE sample buffer in a boiling water bath for 5 min. The obtained samples were subjected to SDS-PAGE and Western blotting [acrylamide concentrations, 7.5 and 12.5%; primary antibodies, anti-PP1γ2 polyclonal antibody (1:2,000) and anti-PKA regulatory subunit II polyclonal antibody (1:2,000); secondary antibody, HRP-conjugated anti-goat immunoglobulin (1:2,000)].
Statistical analysis
The obtained data were subjected to one-way analysis of variance (ANOVA) after arcsine transformation. When F-test results were significant in ANOVA, individual means were further tested by Tukey's multiple range test [39] . Figure 1 shows the changes in the protein phosphorylation state of the spermatozoa incubated with calyculin A (a cell-permeable PP1/PP2A inhibitor, 25-125 nM) to suppress PP1/PP2A or with cBiMPS (a cell-permeable cAMP analog, 0.1 mM) to stimulate PKA. After incubation with calyculin A for 90 min, the Ser/Thr phosphorylation states of several proteins (e.g., >250 kDa, 170 kDa, 155 kDa, 140 kDa and 42 kDa substrate proteins of AGC family kinases; see Materials and Methods) were enhanced, as shown in the Western blots. Indirect immunofluorescence revealed that incubation with calyculin A (125 nM) enhanced the Ser/Thr phosphorylation states of sperm substrate proteins of AGC family kinases mainly in the middle and principal pieces. The enhancement of the Ser/Thr phosphorylation states of the above-mentioned sperm proteins was also observed in the samples incubated with cBiMPS. However, there was a difference in the degree of enhancement of protein Ser/Thr phosphorylation state in the middle piece between spermatozoa incubated with calyculin A and cBiMPS. In addition, the 70-kDa sperm protein was tyrosine-phosphorylated in the samples incubated with either calyculin A (125 nM) or cBiMPS (0.1 mM).
Results
Effects of calyculin A and cBiMPS on the protein phosphorylation state and motility of spermatozoa
Incubation with calyculin A (125 nM) for 90 min significantly reduced progressive movement and induced hyperactivation-like movement in mouse epididymal spermatozoa, although it had almost no detrimental effect on the percentages of motile spermatozoa (Table 1 and Fig. 2 ). Similar reductions in progressive movement and effective induction of hyperactivation-like movement were also observed in the samples incubated with cBiMPS (0.1 mM). These results indicate that incubation with calyculin A mimics the changes in protein phosphorylation state and flagellar movement that are induced by incubation with cBiMPS.
Characteristics and localization of PKA and protein phosphatases
Indirect immunofluorescence revealed that both anti-PKA catalytic subunit (42 kDa) antibody and anti-PKA regulatory subunit II (52 kDa) antibody mainly recognized the middle and principal pieces. The anti-PP1γ2 (38 kDa) antibody reacted strongly to the principal and terminal pieces as well as the head (Fig. 3) . Moreover, aliquots of PP1γ2 could be co-immunoprecipitated with PKA by the anti-PKA regulatory subunit II antibody in the sperm lysates (Fig. 4) . These results indicate co-localization of PP1γ2 and PKA in the principal piece. In addition, the sensitivity of sperm PP1 to calyculin A was examined by immunodetection of the inactive form (phospho-PP1, Thr-320). As shown in Fig. 5 , the inactive form of sperm PP1 decreased during incubation without calyculin A and cBiMPS for 90 min, probably due to the dephosphorylation at the Thr-320 residue. Expectedly, this decrease was barely affected by the addition of cBiMPS (0.1 mM), but was almost abolished by the addition of calyculin A (125 nM). Our results are in agreement with previous findings showing that the PP1/PP2A inhibitor (calyculin A) significantly increases the level of phosphorylated PP1γ2 in epididymal bull spermatozoa but that neither cAMP analog (8-bromo-cAMP) nor cAMP phosphodiesterase inhibitor (isobutylmethylxanthine) alter it [40] . Our results indicate that cAMP-dependent activation of sperm PKA may not be involved in the Thr-320 phosphorylation of PP1γ2.
Effects of calyculin A and cBiMPS on the phosphorylation state at the Thr-197 residue in PKA catalytic subunits
In order to estimate the activity of PKA in the spermatozoa incubated with either calyculin A (125 nM) or cBiMPS (0.1 mM) for 90 min, the phosphorylation state at the catalytic subunit activation loop was observed by indirect immunofluorescence. In the samples before incubation, the anti-phospho-PKA catalytic subunit (Thr-197) antibody reacted moderately to the middle piece and faintly to the principal piece. Interestingly, incubation with calyculin A enhanced the phosphorylation state at the Thr-197 residue of PKA catalytic subunits in these segments of flagella as well as incubation with cBiMPS (Fig. 6 ). This observation may be supported by the result showing that the sperm 42-kDa phosphorylated protein, which has the same molecular mass as PKA catalytic subunit, increases during incubation with either calyculin A or cBiMPS (Fig. 1) , although this 42-kDa phosphorylated protein was not identified in this study. These results indicate that the calyculin A-sensitive protein phosphatases suppress autophosphorylation at the key regulatory residue (Thr-197) of the catalytic subunit that is required for full activation of flagellar PKA.
Discussion
Relationship between protein phosphorylation and calyculin Ainduced hyperactivation-like movement
Many reports have been accumulated on cAMP-dependent tyrosine phosphorylation in the sperm proteins of various animal species (e.g., rainbow trout [41] and mouse [9] [10] [11] ). However, there are only limited data regarding cAMP-dependent Ser/Thr phosphorylation in sperm proteins (chum salmon [42] , boar [43, 44] , sea urchin [45] , human [46] and mouse [47] ). In this study, incubation with cBiMPS (0.1 mM) induced Ser/Thr phosphorylation of the sperm flagellar proteins, including the >250-kDa, 170-kDa, 155-kDa, 140-kDa and 42-kDa substrate proteins of AGC family kinases (Fig. 1) . One phosphorylated protein with a higher molecular mass than 250 kDa corresponds to the mouse sperm p270 protein that is quickly phosphorylated in response to bicarbonate and may be involved in the initial signaling events leading to activation and subsequent hyperactivation of flagellar movement [47] . Moreover, a major cBiMPS-dependent tyrosine-phosphorylated protein (estimated molecular mass: 70 kDa, Fig. 1 ) corresponds to the major 80-kDa bicarbonate-dependent tyrosinephosphorylated protein [47] , and the difference in the molecular masses (70 vs. 80 kDa) may be due to the different protocols of SDS-PAGE and Western blotting. The increases in these phosphorylated proteins could be mimicked by incubation with calyculin A (125 nM, Fig. 1 ). Moreover, incubation with calyculin A promoted changes in flagellar movement from the progressive type to the hyperactivation-like type in mouse spermatozoa (Table 1) . Previous reports [48, 49] have shown that incubation with calyculin A is effective for induction of hyperactivation in hamster spermatozoa and indicated that the 80-kDa tyrosine-phosphorylated protein is related to flagellar hyperactivation. These findings suggest that the >250-kDa Ser-/Thr-phosphorylated protein and 70-kDa tyrosinephosphorylated protein may be regulators for the calyculin Ainduced flagellar hyperactivation-like movement in mouse spermatozoa.
Biological roles of calyculin A-sensitive protein phosphatases in flagella
PP1γ2 is a unique isoform of PP1 that is included mainly in the testes and spermatozoa [28, 29] . In this study, this isoform was immunodetected in the principal piece, terminal piece and head (Fig. 3) . The PP1 (including PP1γ2) was activated by dephosphorylation at the Thr-320 residue during incubation without calyculin A, irrespective of the presence of cBiMPS (Fig. 5) . A similar localization of PP1 has been reported in boar ejaculated spermatozoa, in which this protein phosphatase is always active throughout incubation without calyculin A for 90 min [30] . The cell-permeable cAMP analog cBiMPS is a powerful activator of PKA [36] and could enhance the Ser/Thr phosphorylation states of AGC family kinase protein substrates in the principal pieces of mouse spermatozoa (Fig. 1) , as has been shown in boar spermatozoa [43] . This analog was also able to change the flagellar movement from the progressive type to the hyperactivation-like type (Fig. 2, Table 1 ). In fact, PKA was distributed in this segment in the mouse spermatozoa (Fig. 3) and is also distributed in this segment in boar spermatozoa [12] . Moreover, incubation solely with calyculin A could mimic the changes of protein phosphorylation state in the principal piece (Fig. 1) and flagellar movement (Fig. 2, Table 1 ) that were induced by incubation with cBiMPS. These findings indicate that PP1γ2 suppresses Ser/Thr protein phosphorylation leading to flagellar hyperactivation that is induced via cAMP/PKA signaling in the principal piece. Consequently, the low Ser/Thr phosphorylation states of sperm flagellar proteins are likely involved in maintenance of progressive movement by delay of appearance of tyrosine-phosphorylated proteins including the 70-kDa protein. Furthermore, in the middle pieces of mouse spermatozoa, incubation solely with calyculin A enhanced the Ser/Thr phosphorylation states of AGC family kinase protein substrates (Fig. 1) , although PP1γ2 was barely detectable in this segment (Fig.  3) . Thus, other isoforms of calyculin A-sensitive protein phosphatases might exist in the middle piece and participate in regulation of protein phosphorylation state and maintenance of pro- Values are means ± standard deviation. a Mouse epididymal spermatozoa were incubated with either calyculin A (125 nM) or cBiMPS (0.1 mM) and then used for subjective observation of motility under a light microscope.
b -, 0-10%; +, 11-30%; ++, >30%.
c-e Values with different superscripts within the same column are significantly different (P<0.05). gressive movement. This hypothesis is supported by the facts that other isoforms of PP1 (PP1α, PP1β and PP1γ1) are expressed in the mouse testis [28, 29] and that flagellar proteins are dephosphorylated by PP2A in spermatozoa from the rainbow trout and chum salmon [50] . However, greater enhancement of the protein Ser/Thr phosphorylation states in the middle pieces was induced with cBiMPS than with calyculin A, whereas the phosphorylation state of PKA catalytic subunit (Thr-197; indicating the level of full activation in PKA) in the middle piece was almost same in the cBiMPS-incubated spermatozoa as in the calyculin A-incubated spermatozoa (Fig. 6 ). These interesting observations imply the possibility that calyculin A-insensitive protein phosphatases might be suppressed by the action of cAMP signaling in this segment.
Interaction between PKA and calyculin A-sensitive protein phosphatases
Itoh et al. [51] observed that PKA catalytic subunit localizes along the flagella of rainbow trout spermatozoa and that it is anchored to the outer arm dyneins of flagellar axonemes. Baker et al. [52] reported that PKA catalytic subunit can be immunodetected in the flagellar fraction of mouse spermatozoa, but barely in the head fraction. Our results in this study (Fig. 3 ) and previous reports [53] show that PKA regulatory subunit II is localized mainly in the flagella of mouse spermatozoa. This regulatory subunit is usually settled on the AKAPs that have the potential to bind to various molecules, including glycolytic enzymes. This function of AKAPs as scaffolding proteins enables efficient interaction between PKA and other molecules [20, 21] . The sperm-specific AKAP "AKAP4" is a major fibrous sheath protein of the principal piece and is involved in regulation of flagellar movement. In spermatozoa from Akap4 gene knockout mice that lack flagellar movement, there is a significant change in the activity and phosphorylation of PP1γ2, as compared with spermatozoa from control wild-type mice [54] . This suggests the involvement of AKAP4 in regulation of PP1γ2 activity in the principal piece of mouse spermatozoa. However, the existence of direct interaction between PKA and PP1γ2 remains to be determined. Additionally, AKAP220 is a multivalent anchoring protein that maintains a signaling scaffold of PKA and PP1 [55] . Moreover, AKAP220 may anchor regulatory subunits (both I and II) of PKA and PP1 to the cytoskeletal structures in human sperm flagella [56] .
Phosphorylation at the activation loop (Thr-197) of the catalytic subunits leads to full activation of PKA by enhancement of the phosphoryl transfer rate and affinity for ATP [17, 18] . Indirect immunofluorescence in this study showed that inhibition of protein phosphatases with calyculin A resulted in enhancement of phosphorylation state at the activation loop of the PKA catalytic subunit in the mouse sperm principal and middle pieces (Fig. 6) . Moreover, our observations (Figs. 3 and 4) indicate that PKA regulatory subunit II is co-localized with PP1γ2 in the principal piece, but that PP1γ2 is not present in the middle piece. These suggest that PKA is dephosphorylated at the activation loop of the catalytic subunits by PP1γ2 in the principal piece and by other kinds of calyculin Asensitive protein phosphatases in the middle piece. Based on these findings together with the results regarding sperm motility (Table  1) , we conclude that calyculin A-sensitive protein phosphatases (PP1/PP2A) suppress full activation of PKA as well as enhancement of the phosphorylation states of other flagellar proteins in sperm flagella in order to prevent precocious changes of flagellar movement from the progressive type to hyperactivation. In this study, however, we used TYH-Hepes medium without capacitation-supporting factors, including bicarbonate and BSA. Thus, it is possible that the above-mentioned suppressive actions of calyculin A-sensitive protein phosphatases on the full activation of PKA and subsequent hyperactivation may only be effective for spermatozoa under non-capacitation conditions (e.g., spermatozoa stored within the epididymis and freshly ejaculated spermatozoa). 
